Primordial decays of string theory moduli at z ∼ 10 12 naturally generate a dark radiation Cosmic Axion Background (CAB) with 0.1 -1 keV energies. This CAB can be detected through axionphoton conversion in astrophysical magnetic fields to give quasi-thermal excesses in the extreme ultraviolet and soft X-ray bands. Substantial and observable luminosities may be generated even for axion-photon couplings ≪ 10 −11 GeV −1 . We propose that axion-photon conversion may explain the observed excess emission of soft X-rays from galaxy clusters, and may also contribute to the diffuse unresolved cosmic X-ray background. We list a number of correlated predictions of the scenario.
The success of the simple ΛCDM model cannot obscure the fact that it will not be the last word in cosmology. One natural extension of ΛCDM is to include an extra, relativistic contribution to the energy density of the universe. Such dark radiation is conventionally parametrised as an excess number of neutrino species, ∆N ef f = N ef f − 3.046. There are indeed observational hints for such a contribution: including the HST measurement of the Hubble constant [1] , the current observational values from WMAP, ACT, SPT and Planck are N ef f = 3.84 ± 0.40 (WMAP9, [2] ), 3.71 ± 0.35 (SPT, [3] ), 3.50 ± 0.42 (ACT, [4] ), and 3.62 ± 0.25 (Planck, [5] ).
Dark radiation is a theoretically intriguing extension to ΛCDM as it is a natural consequence of simple and appealing models of the early universe. The standard post-inflationary picture of the early universe involves the reheating of the Standard Model (SM) from the decays of a scalar field. In addition to its decay modes to visible sector SM particles, this field may also decay to (effectively) massless weakly coupled hidden sectors, such as axions or hidden photons. If these particles are sufficiently weakly coupled to SM matter, they will not thermalise and will remain as relativistic dark radiation, redshifting with the expansion of the universe.
This picture is particularly well motivated within string theory models of the early universe. As radiation redshifts as a −4 and matter redshifts as a −3 , we expect reheating to be driven by the last scalar field to decay. String theory contains many light scalar fields, called moduli, with gravitational strength couplings. Such moduli are very long-lived, with life-times
where M P l = 2.4 × 10 18 GeV. Moduli generically couple both to visible SM matter and any hidden axions that are present [6] [7] [8] . As the energy density at decay is V = 3H temperature is
Hidden sector decays Φ → aa generate a Cosmic Axion Background (CAB). As these decays are 2-body with E a = m Φ /2, the CAB energies are substantially greater than the SM reheat temperature, by a factor (M P l /m Φ ) 1/2 . This ratio is effectively maintained throughout cosmic history, up to small g 1/3 * boosts in the photon temperature, and therefore also sets the present day axion energies relative to the CMB. The precise moduli mass scale m Φ is determined by the details of the string compactification, but naturally has m Φ ∼ 10 6 GeV (cf. [9] for the LARGE volume scenario, and [10, 11] for other work). In [12] , we pointed out that this gives rise to a prediction of a CAB with O(E) ∼ 200 eV and a homogeneous and isotropic flux of 10 6 cm −2 s −1 . The (non-thermal) spectral shape of the CAB arises from modulus decays and -as is shown in figure 1 -has a 'quasi-thermal' shape [12] .
This CAB would have freely propagated since z ∼ 10
12
(t ∼ 10 −6 s), which is a factor of 10 19 earlier in time than the CMB. This would provide a spectacular probe of the early universe. In this Letter, we search for signatures of this CAB through a → γ conversion in astrophysical and cosmological magnetic fields. Although subdominant in energy density to either baryonic matter or the CMB, the energy density associated to the CAB is still substantial,
and entirely located in the extreme ultraviolet (EUV) and soft X-ray bands. Comparison with typical galaxy cluster X-ray luminosities of L cluster ∼ 10 44 erg s −1 makes it clear that even a very small a → γ conversion rate can give a large signal.
Axion-photon conversion is well known to occur in the presence of coherent magnetic fields. The axion-photon Lagrangian is given by,
where the coupling M −1 has dimension −1 and gives rise to oscillations between axions and photons. Here, the axion field a is a general pseudo Nambu-Goldstone boson of a broken shift symmetry which need not correspond to the QCD axion [13] .
For this case M and m a are uncorrelated and a is sometimes called an axion-like particle. We will mostly be interested in m a 10 −9 eV, where direct bounds are M 10
11 GeV. The a → γ conversion probability for an axion in a coherent magnetic field domain of length L and with transverse component B ⊥ can be computed by elementary methods [14] , and is given by,
where tan 2θ =
pl , ω pl is the plasma frequency,
n e 10 −3 cm −3 eV , and ω denotes the photon energy. Though not crucial for our analysis, we note that in the small-angle approximation θ ≪ 1 and ∆ ≪ 1, the conversion probability is simply given by
We will apply equations (5) and (6) to obtain signatures of the CAB.
Axion-photon conversion is maximised in regions of large coherent magnetic fields. Galaxy clusters and the intracluster medium (ICM) provide such regions. The existence of magnetic fields in the ICM has been established by a number of methods, with typical values of O(B) ∼ µG, and with larger values observed close to cluster cooling cores [15] . The coherence lengths of these fields are not known in detail, but are expected to be in the range L ∼ 1 − 10 kpc.
The CAB axions will convert into photons with energies O(ω)
14 GeV M .
The small-θ approximation is then almost always justified. We also have
The small-∆ approximation is then only valid for a limited parameter range. For illustration, we first work in a parameter regime where (6) applies. Axions travelling through a 1 kpc ICM magnetic field convert to photons with probability
(9) The corresponding conversion rate per axion per second is 2.3 · 10
1 kpc . We now for simplicity assume that the dark radiation is dominated by a single axion species and compute the induced luminosity from a → γ conversion. As the axion flux is homogeneous and isotropic, we average over the alignment of the axion velocity to the magnetic field, giving
2 , where B denotes the magnitude of the magnetic field. Summing over magnetic domains, the luminosity from a → γ conversion is
and lies dominantly in the EUV and soft X-ray bands. In the small angle approximation, the shape of the resulting photon spectrum is identical to the axion spectrum in figure 1 . Beyond this approximation the conversion probability is dependent on ω, and the resulting photon spectrum is obtained by weighting the axion spectrum with equation (5) . Since the launch of EUVE (Extreme Ultraviolet Explorer), excess EUV and soft X-ray cluster emission above the hot (T ∼ 5 ÷ 10 keV) intracluster medium has been observed by all major space telescopes with soft X-ray sensitivity in a large number of galaxy clusters. As is reviewed in [16] , these include EUVE [17] , ROSAT [18] , BeppoSAX [19] , XMM-Newton [20] , Chandra [21, 22] and Suzaku [23] . One particularly well studied cluster is Coma, which is large, luminous and nearby. The soft X-ray excess has been well-documented in Coma since the original discovery [17] . It has been established that the soft X-ray excess is diffuse and extends beyond the region containing the hot intracluster gas, up to 5 Mpc from the cluster centre [24] . Based on data in [17] , the excess luminosity in the 0.1 − 1 keV range within a central 18 arcminute radius (corresponding to r ≤ 0.50 Mpc with H 0 = 73 km s
Mpc
−1 ) of the cluster centre is 1.6 · 10 42 erg/s. Within radii of 1 Mpc, the magnetic field strength in the Coma cluster has been measured to be around 2 − 5 µG with coherence lengths ranging from 2 kpc to 34 kpc [25] .
From equation (10), we note that in the small angle approximation, the luminosity from axion-photon conversion in a cylindrical volume with radius 0.5 Mpc and length 3 Mpc is given by
Beyond the small angle approximation, the total luminosity per Mpc 3 is shown in figure 2 , where we have also marginalised over L.
As the direct constraint on M for light axions is only M 10
11 GeV we conclude that axion-photon conversion in the Coma ICM may easily give rise to a soft X-ray excess of the observed order of magnitude.
Proposed astrophysical explanations of the soft excess include non-thermal scattering of relativistic electrons off CMB photons (e.g. [26, 27] ), and thermal emission from Warm-Hot Intergalactic Medium (WHIM) filaments. However the former explanation appears incompatible with the radial extent of the soft excess in Coma, which far exceeds the radius at which relativistic particles can be confined [24] . The latter explanation is also problematic, as it requires large filamentary densities and an overly rapid radiative cooling rate in the inner cluster [28, 29] .
In addition to reproducing the soft X-ray excess, our model makes several additional predictions. As the CAB is uniformly distributed, the produced luminosity is determined only by the magnetic field and the electron density, and is independent of the cluster temperature or matter distribution. The model predicts that the soft excess should be largest in cluster regions with large magnetic fields and small electron densities, and its spatial extent should be coterminous with the magnetic field. Magnetic field strengths of the order of 0.5 µG have measured in the 'bridge' region of the Coma-Abell 1367 supercluster, at a radius of ∼ 1.5 Mpc from the central region of the Coma cluster [30] . Thus, our model appears consistent with the large radial extent of the Coma soft excess emission.
In this model X-ray photons arise non-thermally from a → γ conversion. It is therefore a clear prediction that it should not be possible to associate any thermal emission lines (e.g from O VII at 561, 569 and 574 eV) to the soft excess.
Furthermore, the CAB axions are redshifting, and used to be more energetic by (1+z) and more dense by (1+z) 3 . It is then a prediction that the energy scale of the soft excess should grow as (1 + z) and, if other aspects of cluster physics are identical, the overall energy in the soft excess should grow as (1 + z) 4 . In addition to cluster spectra, a → γ conversion in large-scale cosmological magnetic fields may also contribute to the diffuse unresolved cosmic X-ray background (CXB) in the same 0.1-1 keV band.
In the 0.5-2 keV region the diffuse CXB is 8.2 · 10 −12 erg cm
After subtracting Chandra and HST sources, the diffuse CXB is essentially removed in the 1-2 keV band but remains present in the 0.5-1 keV band, suggesting a different and genuinely diffuse origin for the unresolved CXB below 1 keV [31] [32] [33] . In [32] the residual 0.65−1 keV diffuse intensity was given as (1.0±0.2)·10
Here we compute the a → γ contribution to the CXB for certain illustrative parameters. We take B ⊥ = 1 nG magnetic fields and L = 10 Mpc scales, although we caution that the actual magnitude of cosmological magnetic fields is unknown. For an electron density equal to the cosmological baryon density n B = 2.5 · 10 −7 cm −3 , and m ef f = ω pl , we find that the a → γ conversion probability is 2.0 · 10 −6 per coherent domain for M = 10
13
GeV. As a rough approximation, we assume that these conditions have held for 10 10 years, and we average over the direction of the magnetic field to obtain the total conversion probability per axion, P (a → γ) = 6.1 · 10 GeV is it easy to generate an observationally significant flux.
We briefly comment that although a soft X-ray excess has also been observed in AGN spectra [34] , the small parsec-scale size of the central engine precludes any CAB explanation for this as the central engine region is simply too small to generate any appreciable CAB luminosity.
To conclude, primordial axions from modulus decay at z ∼ 10 12 are a well motivated scenario of dark radiation which predicts a present day Cosmic Axion Background with energies between 0.1 − 1 keV. Conversion of axions into photons in astrophysical and cosmic magnetic fields makes the CAB manifest through quasi-thermal soft Xray excesses. This mechanism may be responsible for the soft X-ray excesses observed in galaxy clusters, and can generate a truly diffuse contribution to the 0.1 − 1 keV cosmic soft X-ray background.
